The paper theoretically investigates the performance of a distributed generation plant made up of gasifier, Internal Combustion Engine (ICE) and Organic Rankine Cycle (ORC) machine as a bottoming unit. The system can be used for maximization of electricity production from biomass in the case where there is no heat demand for cogeneration plant. To analyze the performance of the gasifier a model based on the thermodynamic equilibrium approach is used. Performance of the gas engine is estimated on the basis of the analysis of its theoretical thermodynamic cycle. Three different setups of the plant are being examined. In the first one the ORC module is driven only by heat recovered from engine exhaust gas and cooling water.
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Introduction
Within last two decades biomass has become a very interesting fuel in electricity generation sector. This is caused mainly by emission reduction and renewable energy policies that have been adopted in many countries [1] [2] [3] [4] . Poland can be an example. According to legal regulations the share of electricity from renewable resources within the total amount of electricity sold to final consumers must be not lower than 10.4% in 2011 and rises to 12.9% in 2017 [5] . It is difficult to satisfy this obligation as there are very limited sources of wind, solar and water energy in the country. The co-firing of biomass in existing coal fired plants can contribute at the level of 1,6 to 4,6% [6] . Therefore other alternatives of biomass implementation into the energy market are required. Currently in Poland the financial measures that promote new projects include tradable green electricity, cogeneration and CO 2 emission reduction certificates. There are also subsidies available from the National Fund for
Environmental Protection and Water Management and other financing institutions. More often the projects tend to be attractive to investors.
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On the other hand biomass is a low bulk density fuel that can be characterized by a significant demand for energy and costs during growing, harvesting, processing, transportation and storage. Investment projects are feasible if biomass is available within a specified distance from designed location of a plant. Depending on many different factors it is typically between 25 and 100 km. Even if this condition has been met organizing the fuel supply chain is not an easy task in the case of utility-scale plants. Therefore the renewable fuel is suitable rather for small and medium scale distributed energy production facilities.
However in order to demonstrate emission and primary energy saving potential as well as economic profitability of biomass to energy conversion projects a great care should be given to an effective use of available feedstock resources.
An important technological alternative for the relatively small-scale distributed generation plants is based on biomass gasification and gaseous-fuel-fired electricity generation equipment. Nowadays a typical power plant consists of gasifier, gas cleaning devices and reciprocating Internal Combustion Engine (ICE) installed downstream. So far many problems have been encountered in this type of plants (Herdin et al. [7] ), that limit the annual number of running hours. Some vendors however claim that an achievable time of annual operation is about 8000 hours. The technology can be regarded as commercially available and it can be applied in many distributed locations (Warren [8] , Bridgwater [9] ).
Utilization of the waste heat from raw producer gas cooler and ICE significantly improves performance of a plant in a cogeneration mode. However, the frequent problem is that in distributed locations the cogeneration mode is hardly possible, what is due to the lack heat demand. In such case it would be interesting to maximize the electric output of a plant by application of a bottoming Organic Rankine Cycle (ORC). The survey performed by Quoilin et al. [10] showed that there is a commercial offer for ORC units in the power range starting from 6 kW and the market for ORC technology is growing rapidly.
Using ORC modules for waste heat recovery from internal combustion engines is nowadays a very interesting option for electricity generation [11] [12] . Some engine manufacturers have already introduced the ORC as a complementary product for stationary power generation systems [13] [14] . Thirunavukarasu [14] showed that a project can be fruitful. The expected payback period for the additional investment in ORC module is relatively short. The economic attractiveness of the technology can be expected at a high level in the case of biomass utilization projects, as there is usually available a financial support.
Nowadays there is already in operation a small number of the combined ICE -ORC systems [10] [15] . The bottoming ORC unit boosts the electricity generation efficiency of the plant typically by 5 -7 percentage points. Due to characteristics of the reciprocating engines there is usually a problem with full recovery of an available waste heat from exhaust gases and engine cooling circuit. In most of the systems only the exhaust gas heat is recovered
[11] [12] . On the other hand the heat transferred into the low temperature cooling circuit may represent a substantial portion of the engine fuel energy input. In the range of electric power below 1000 kW the share of the cooling circuit heat is between 40% and 70% of a total available waste heat from an engine. In bigger engines the low temperature heat represents between 35% and 50% of a total available heating power. Therefore technical and economic effectiveness of the system with the bottoming ORC module depends on the characteristics of a selected engine.
The main issues of designing an efficient ICE -ORC combined cycle were addressed by Vaja at al. [15] . They presented a thermodynamic analysis of matching a vapour cycle to the 2098 kW electric power stationary natural gas fuelled engine module. Three different setups of the system were taken into account: simple and regenerated organic cycles with the use of only engine exhaust gases and simple cycle with the use of exhaust gases and engine cooling water. There were also considered three different working fluids: benzene (dry), R11 M A N U S C R I P T
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(isentropic) and R134a (wet). The results revealed that by the application of the bottoming cycle the electricity generation efficiency grows from 41.8% up to 47.0%. The best performance of the system is achieved with benzene bottoming cycles. There were almost no differences in efficiency between the regenerated ORC cycle and the cycle with preheating of working fluid by engine cooling water. It was demonstrated that the Organic Rankine Cycles can recover only a small fraction of the heat released by the engine through the cooling water.
Thirunavukarasu [14] presented the combined ICE -ORC system developed by the Caterpillar Inc. The system is composed of the G3520C (2150 kW) gas engine coupled to a superheated and parallel recuperated organic cycle with dry working fluid. An interesting aspect of the proposed configuration is that a part of the working fluid flow after a pump is recuperated while another part of the flow is preheated by low temperature exhaust gas. The system does not make use of engine cooling water. Achievable overall electricity generation efficiency is 47%.
Juchymenko [16] presented the system developed by the Great Northern Power
Corporation. In this case an ORC module recovers heat from engine jacket water and exhaust gas. This is a simple cycle without regeneration of heat. Engine jacket cooling water is used for preheating of working fluid. The heat from exhaust gas is transferred into a thermal oil circuit and then used in ORC evaporator. The increase of electric efficiency is 12% comparing to the case with no waste heat recovery.
Utilization of the low temperature waste heat from an engine cooling circuit requires more complicated arrangements of the ICE-ORC setups. An example of such system with a double cascade ORC has been proposed and analyzed by Vaja in [17] . In the proposed configuration the waste heat from engine cooling process is used for preheating a working fluid in the bottom part of the ORC cascade. Further heating of the fluid and its evaporation are performed using heat of condensation of a working fluid in the upper cycle of the cascade.
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The upper cycle is driven by the engine exhaust gas. The results revealed that at optimal conditions as much as 51% of the heat rejected through the engine cooling circuit can be recovered.
In this theoretical study there is examined a hypothetical ICE -ORC combined plant fired with producer gas from a downdraft gasifier. The technology can be potentially applied for efficient use of distributed biomass resources when transportation of the feedstock to a distant central power plant is difficult and not financially attractive. According to the author's knowledge not such system has been examined in literature yet. There is also being proposed in the paper a novel arrangement of the double cascade bottoming ORC module. The system is configured in the way that allows the utilization of the total amount of heat available from reciprocating engine cooling circuit. Two reciprocating engines of different characteristics are taken into account. The proposed technical solutions are being assessed in terms of the electric energy generation efficiency. This performance parameter that directly influences energy, environmental and financial effectiveness of a potential project if electric power is the only product of a plant.
Plant configuration
The proposed biomass energy conversion plant is based on typical downdraft gasifier, gas cleaning equipment and gas engine adjusted for producer gas operation. Biomass is converted into the combustible gas in a fixed bed reactor using atmospheric air as gasifying agent. The producer gas goes from gasifier through gas cooler, cyclone (removal of solid particles),
Venturi scrubber (removal of tar), water separators (removal of liquid water), fan and filters to buffer tank where final parameters of the fuel gas are stabilized. After buffer tank and final filter the fuel gas is mixed with atmospheric air and the mixture goes through turbocharger and mixture cooler into a spark ignition engine.
When a bottoming waste heat driven ORC module is added to the system three M A N U S C R I P T
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alternative configurations are taken into account. In the configuration No. 1 a typical simple cycle ORC is applied and the ICE-ORC system is the same as presented in [15] [16] . The ORC module is driven by waste heat from engine cooling circuit and exhaust gas. The waste heat from a raw producer gas cooler is recovered for preheating of the atmospheric air required for the gasification process. This significantly improves performance of gasification and heating value of the fuel gas. Thus derating of the engine power is less significant and higher efficiency of the engine module can be obtained.
Scheme of the configuration No. 2 is given in Fig. 1 . In this case it is proposed to power up the ORC module also by the waste heat from the raw gas cooler GC1. A thermal oil circuit is applied to transfer the heat from engine exhaust gas and raw producer gas into the ORC.
The oil is initially heated by the engine exhaust gas and then its temperature is elevated in the raw gas cooler. When the heat recovered from the raw producer gas is used for driving the ORC module instead of preheating the gasification air, the calorific value of the gas is lower and thus the derating of engine power is more significant. On the other hand the lower electric power of the engine module is compensated by the higher power of the ORC machine.
Eventually the total electric output of the plant is slightly higher than in the configuration No.
1. An additional advantage of this configuration is that the gas-gas heat exchange process is avoided so the plant can be built and operated more easily. 
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Fig. 2. Alternative configuration No. 3 of downdraft gasifier-ICE-ORC system
The analysis is performed for a small-scale plant that can be characterized by the gasifier raw gas chemical energy output in the range of 1 MW. Two CAT gas engines [18] [19] of different types are taken into account. Both of the engines require lean fuel-air mixture, that is the current trend in the case of stationary machines for on-site power production. In the producer gas mode of operation the coefficient of excess oxygen  in the engine is kept the same as reference value for natural gas operation. Specifications of the machines are given in table 1. Exhaust gas and jacket water are the only usable sources of waste heat. An aftercooler heat is totally dissipated into the atmosphere. * values calculated; only exhaust gas and jacket water heat is taken into account for total efficiency ** assumed to get the reference fuel LHV the same as stated in the technical specification
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Modeling of gasification process and gas engine performance
Nowadays many papers concerning gasification process can be found in the literature. In this study it was decided to use a model based on the thermodynamic equilibrium of the chemical reactor system. The equilibrium models are generally regarded as satisfactory for performance studies of energy conversion plants [20] [21][22] [23] . It was however found and also confirmed by published literature that if unconstrained calculation of equilibrium is performed, yield and heating value of the dry gas are too optimistic [20] [24] [25] . Therefore reasonable assumptions have to be made in order to correct the results and to minimize a danger of wrong conclusions from a feasibility study of an energy conversion plant. In this study the assumptions are made in order to estimate the yields of non-equilibrium products:
unconverted char (pure carbon in the form of graphite), tar and methane. These products are formed from the substrates and are not involved in the calculation of equilibrium.
The chemical system includes carbon, hydrogen, oxygen, nitrogen and sulfur. The producer gas from the gasifier is assumed to be composed of CO, CO 2 , H 2 , CH 4 , H 2 O, N 2 , SO 2 and tar (C x H y ). The process involves also ash and argon from the atmospheric air that are regarded as inert substances. There are distinguished two zones of the reactor. Within the first zone heating of the charge, drying, pyrolysis and oxidation take place. The second zone includes the gasification of char in the oxygen free atmosphere.
It was assumed that the gasification process achieves the state of thermodynamic equilibrium at final temperature and pressure at the end of the reduction zone. The amount of non-equilibrium solid carbon leaving the rector is determined by the carbon conversion efficiency that is defined as follows:
If the value of carbon conversion efficiency that results from the equilibrium is higher than 0.95 the value of 0.95 is used instead. It was decided basing on experimental results.
In order to estimate the amount of methane from pyrolysis the assumptions made by Ratnadhariya et al. [26] have been initially adopted. According to them half of the fuel hydrogen, that is not associated with the fuel oxygen, is released as CH 4 and then it is not involved in the calculation of equilibrium. It was found during calibration of the model that the additional assumption that a portion of CH 4 from pyrolysis is converted in the oxidation zone leads to a good agreement between calculated and experimental gas compositions.
Remaining methane that is not converted in the oxidation zone is inactive in reduction reactions and passes to the products of the process [27] .
Another non-equilibrium product present at the gasifier outlet is the tar. It can be defined as C x H y where x  6 [28] . The tar content in the raw gas form a downdraft gasifier is typically M A N U S C R I P T
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within the range of 0.3 to 5.0 g/Nm 3 [28] . On the other hand the yield of tar is highly underestimated if calculated from the equilibrium of the gasification process. Therefore in this study the tar content of 5.0 g/Nm 3 is being arbitrarily assumed, that is the upper limit of the given range. As presented by Gerun et al. [29] the pyrolysis tar is modeled as a mixture of benzene C 6 H 6 (35%) and naphthalene C 10 H 8 (65%).
Parameters of the system in the state of thermodynamic equilibrium are calculated using a non-stoichiometric approach with minimization of the Gibbs free energy:
The approach is reported in literature as satisfactory and it was previously used by other authors (Schuster et al. [20] , Baggio et al. [23] , Ruggiero et al. [30] ). An in-house Fortran code was written to perform the calculation. The model was verified against experimental results available in published literature. A comparison of modeling results with experimental data presented by Jayah et al. [31] and with theoretical results obtained by Jarungthammachote et al. [16] using unconstarined pure equilibrium model is given in table 2.
It can be observed that the unconstrained equilibrium model leads to relatively good prediction of gas composition at the values of  higher than in the real gasifier. It causes the overestimated yield of the product gas and thus the efficiency of the plant is to optimistic. The constraint equilibrium model (tests 3 and 4) leads to better results at least in the aspect of product gas yield and its calorific value. These parameters have a key influence on mass and energy balance as well as on economic evaluation of the whole system. It was also observed during test runs of the model that if the calculated content of H 2 in the product gas increases, the content of CO decreases from experimental values. The total content of these two gases in the product gas is at relatively constant level. As these gases have similar heating values and M A N U S C R I P T
the same stoichiometric oxygen requirement it can be concluded that the equilibrium models are satisfactory for systems with gas engines. The biomass used in the analysis is spruce in the form of chips. Properties of the fuel are given in table 3. Primary source of oxygen to the process is humid atmospheric air, with a molar composition (dry air): oxygen -20.91%, nitrogen -78.09, argon -1.00%. Relative humidity of the air is 60%. Pressure losses in the gasifier bed have negligible impact on the results of equilibrium calculations [27] .
The results of the modeling of the gasification process are given in Fig. 3, 4 and 5.
The contents of combustible components in the raw dry tar free producer gas are presented in Fig. 3 . Lower heating value of the gas is presented in Fig. 4 . Cold gas efficiency of the gasification process is presented in Fig. 5 . The efficiency is defined as follows: In the configuration No. 1 of the system the temperature of preheated gasification process air after the raw gas cooler GC1 is assumed to be 700 K. In this case the value of  in the reactor is set to 0.25, that leads to high calorific value of the gas and high cold gas efficiency of the process. In the case the atmospheric air enters the reactor at the ambient temperature the value of  i set to 0.30 that ensures high carbon conversion efficiency. Final characteristics of the producer gas used as the engine fuel is given in table 4. This is the input data for further analysis of the power plant. Table 4 . Characteristics of raw gas and fuel gas from downdraft gasifier
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The second important issue of the analysis of the proposed system is the modeling of the gas engine performance. The simpliest apprach to this problem was presented by Baratieri et al. [21] who have just assumed thermal and electrical efficiencies of a machine. In a typical gas engine that was designed for natural gas operation, the achievable electric output is reduced by about 20% to 30% when the machine is fueled with producer gas from a downdraft gasifier. The level of reduction is almost proportional to the change of calorific value of the fuel-air mixture. Sidhar et al. [32] presented the results of the tests where the derating was observed at the level of 29.4% and 28.5% for the engines with compression ratios of CR = 12 and CR = 10.
To predict the engine performance Tinaut et al. [33] proposed an index called the Engine Fuel Quality (EFQ). The index is the ratio of the volumetric heating value of a mixture under specified thermodynamic conditions T mix and p mix to the reference air density in kg/m 3 under intake manifold pressure and temperature.
Assuming that the value of  (or equivalence ratio) in an engine air-fuel gas mixture 
Another simplified method of assessment of the engine power was presented by
Dasappa [34] . The method is based on a set of dimensionless correction factors that take into account change of the most important parameters of the engine cycle. The author claims that the approach, though relatively simple, gives results close to experimental measurements.
Papagiannakis et al. [35] presented a comparison between experimental and computed results for a conventional multi-cylinder, four-stroke, turbocharged, spark-ignition, natural gas GE J320 engine fuelled with syngas. The problem of derating of engine power was not directly addressed in the paper. It can be however concluded from a graphical representation of results that when the engine was fuelled with the syngas of the relatively good calorific value (6.84 MJ/Nm 3 ) the achievable power was slightly higher than the one computed for natural gas operation. The increase of power was related to the amount of heat delivered into the engine cycle with the fuel-air mixture. The heat release curves presented in [35] show that more heat was delivered with the syngas-air mixture. Additionally initiation of combustion under the syngas operation started a little earlier. Finally the maximum cylinder pressure computed for the syngas was higher. There was reported a little reduction of the engine efficiency.
In this paper it is proposed to estimate the performance of an engine after the change of fuel using the spark-ignition engine fuel-air theoretical cycle analysis. According to Heywood [36] such cycle can be composed of the following processes:  reversible adiabatic compression of mixture of air, fuel and cylinder residual gas,  combustion at constant volume without heat loss, to burned gas in chemical equilibrium,
 reversible adiabatic expansion of the burned gas,
 ideal adiabatic exhaust blowdown,  ideal intake with adiabatic mixing between residual gas and fresh mixture.
The advantage of this approach is that it takes into account:
 variations of density of the mixture and volumetric efficiency that result from mixing with a residual amount of gas in the cylinder,  variations of maximum temperature and pressure of the cycle,  different properties of working fluid in compression and expansion processes due to combustion.
The performance of the machine was estimated under the assumption that the parameters of a real machine vary proportionally to the parameters of the theoretical cycle.
Assuming that mechanical efficiency  m and electricity generator efficiency  g remain unchanged after the change of fuel the following formulas are used for estimation of electric power, efficiency and exhaust gas temperature of an ICE module: 
It was also assumed that the ratio of exhaust gas heat to total available engine heat remains constant in the producer gas mode. Therefore the available jacket water heat cc Q  can be estimated using formula:
where H ex is the enthalpy change of exhaust gas between T ex and 393 K (engine specification outlet temperature).
In order to perform engine simulation another in-house code was built using Fortran.
Properties of working fluids were calculated using JANAF tables. As there was no detailed experimental data available in the literature, validation of the model was performed using data obtained during tests of commercial GAS-250 power pack system purchased from Ankur 
Modeling of Organic Rankine Cycle
There are two key factors influencing an increase of electric power and efficiency of the ICE-ORC system. These are efficiency of the bottoming cycle and amount of waste heat recovered. In typical arrangements of the system the second factor is usually unfavorable as the most of heat from the engine cooling circuit is dissipated into the atmosphere [15] .
In this study a comparison is made between typical system and proposed double cascade ORC arrangement. Calculations have been performed using R123 as the working fluid in the case of simple ORC and pair of R123 and R245fa in the case of double cascade ORC.
According to the survey made by Quoilin et al. [10] both of these fluids are among recommended ones for small-scale ORC modules.
Organic Rankine Cycle has been studied so far by many authors. In most of the proposed cycles the working fluid has saturation parameters at the expander inlet. This assumption is also adopted in this study in the case of simple cycle ORC. In the double cascade arrangement superheating of working fluid and regenerative heat exchange are taken into account in order to maximize the total efficiency of the system.
In a typical arrangement of the ORC, where the heat of condensation of working fluid is released into the atmosphere, the dry organic fluids do not need to be superheated since the regenerative cycle thermal efficiency remains approximately constant [40] ore even a reduction of the efficiency can be observed [41] . In the system that is presented in this paper the superheating is applied only within the upper cycle of the cascade. The heat released from this cycle helps to evaporate the working fluid in the lower cycle to the saturation line and in the same time to make use of the total heat available from the engine cooling circuit. Thus the total efficiency of the system increases. Temperature profiles of fluids within the proposed configurations of the system are presented in Fig. 6 , 7 and 8.
Heat transferred into the bottoming ORC is calculated from energy balances of heat M A N U S C R I P T
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exchangers:
Relative heat losses from heat exchanger are assumed at the level of 3% of hot fluid enthalpy change ( Q =0.03). In the case of raw gas cooler the value of  Q =0.05 is used. 
In the system with a single stage ORC and direct use of the engine exhaust gas (configuration No. 1), the temperature of the gas leaving a waste heat boiler T ex,out and approach temperature in working fluid preheater H1 T H1 were specified: T ex,out = 373 K and T H1 = 10 K. In this configuration the flow of R123 is limited by temperature constraints within the exhaust gas heat recovery. Therefore the amount of waste heat recovered from the engine cooling circuit is low and cooling water temperature drop is insignificant.
In the configuration No. 2 there were specified: approach temperature in working fluid preheater H1 T H1 , approach temperature in working fluid heater H2 T H2 , pinch point temperature in evaporator EV T EV and approach temperature in exhaust gas-thermal oil heat exchanger EGC T EV . The value of 10 K was assumed for all of these variables. In this configuration the temperature of the raw producer gas after the gas cooler GC1 must be high enough to prevent condensation of tar. Therefore the value of T g,GC1,out = 500 K was assumed. 
The value of  R = 0.70 is used in calculation.
The condensation temperature of working fluid in each case is T CO = 313 K, that is limited by ambient conditions. Within the double cascade ORC the condensation temperature of the upper cycle of the cascade is set at the value that allows the total utilization of heat of engine cooling and water circuit temperature drop down to 343 K (that is required by the engine).
Exhaust gas expansion in turbine OT is described by isentropic process equation:
Temperature T s,OT,out and specific enthalpy h s,OT,out are calculated from the value of entropy after an ideal expansion. Then the power of ORC turbine is:
The ORC module nett electric power is:
ORC OT P P P P  (14) The power consumption for pumping of working fluid is:
Finally the electricity generation of the system is calculated using formula:
One of the most important problems in the analysis of ORC performance is selection of reasonable efficiencies of expanders and pumps. Invernizzi at al. [42] Leibovitz et al. [43] presented that the isentropic efficiency of screw expanders is above 0.70 in the 20 -50 kW systems and even higher than 0.80 in the 1 MW power range. Saleh et al. [41] assumed isentropic efficiency of turbine equal 0.85.
In this work the isentropic efficiency of ORC turbine is assumed  iOT = 0.75. For pumps the efficiency  iP = 0.80 is used. 
Calculations were performed for all of the analyzed configurations of the system. The results are given in tables 6 and 7 for the system based on CAT 3412TA and CAT 3412C LE engines. No sensitivity analysis to the main design parameters of the ORC cycle was carried out as this would significantly extend the volume of the text. 
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Conclusions
The theoretical study of the biomass-fuelled small-scale power plant with downdraft gasifier, gas engine and bottoming ORC module was presented in the paper. Two gas engines of different energy balances were considered. Three different setups of the system were taken into account.
The total electricity generation efficiency of the plant depends on engine selection and configuration of the system. The lowest value obtained was 23.6% while the highest one was 28.3%. These are the values that are hardly observed in existing small and medium scale biomass fuelled plants. Another advantage of the system configuration proposed in this paper is that it is based on a standard downdraft gasifier. The gasifiers of this type are commercially available [9] [37].
Much better performance parameters were obtained in the case of the CAT 3412C LE lean burn engine. The derating of engine power and efficiency was less significant in this case. The reference efficiency of the engine was high what resulted in higher values of efficiency of the gasifier-engine system. The operation of this type of engine fuelled with producer gas has been already demonstrated by Papagiannakis et al. [35] .
Without the bottoming ORC module the best performance of the plant was obtained if the gasification air was preheated by the raw producer gas leaving the reactor. With the bottoming cycle however, the efficiency of the plant was higher if the air at ambient temperature was used. In this case the derating of electric power of the engine module was compensated by an increase of power of the ORC system. 
